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n most cell types, Rel/NF-B complexes are inactive in the cytoplasm but can be rapidly induced by a variety of stimuli leading to degradation of the inhibitory I B molecules, allowing nuclear translocation of the different Rel/ NF-B complexes (1) (2) (3) (4) (5) (6) (7) . The majority of the genes regulated by these complexes are involved in immune, acute phase, and inflammatory responses (8) (9) (10) (11) . The Rel/NF-B transcription factors are homo-and heterodimeric complexes composed of various combinations of structurally related subunits. In mammals, members of this family include NF-B1 (p50 and its precursor p105), NF-B2 (p52 and its precursor p100), RelA, RelB, and c-Rel. They share a conserved NH 2 -terminal region of 300 amino acids, termed the Rel homology domain, responsible for DNA binding, dimerization, and association with inhibitors of the I B family. In the case of RelA, RelB, and c-Rel, the diverged COOH-terminal domains mediate transcriptional activation. Interestingly, NF-B1 and NF-B2 are synthesized as cytoplasmic precursors p105 and p100, respectively, which in addition to the Rel homology domain, contain repeated ankyrin-like sequences in the COOHterminal half. Removal of this ankyrin domain by proteolytic processing generates active p50 and p52 products (1-5, 10, 11) . The genes of the Rel/NF-B family are differentially expressed in lymphoid tissues (12) (13) (14) and studies with mice lacking p50, RelB, RelA, or c-Rel demonstrate that individual members of this family have distinct functions in vivo (15) (16) (17) (18) (19) .
Activation of the Rel/NF-B transcription factors is regulated by posttranslational modification and degradation of the I B proteins that interact with the Rel/NF-B complexes and sequester them in the cytoplasm by masking their nuclear localization signal (NLS) 1 . Posttranslational modification and degradation of I Bs do not require de novo protein synthesis, resulting in a rapid NF-B activation and expression of immune response genes after cell stimulation. In mammals, members of the I B family include I B ␣ , I B ␤ , I B ␥ , Bcl-3, p105, and p100, which all share the conserved ankyrin-like repeats responsible for the interaction with the Rel/NF-B complexes. I B ␣ , I B ␤ , I B ␥ (the latter being identical to the COOH-terminal half of NF-B1), and Bcl-3 form ternary complexes with Rel/NF-B dimers, whereas the p105 and p100 precursors form dimers with individual members of the Rel/NF-B family including their products p50 and p52 (1-3, 5, 7, 11) . In the case of I B ␣ , the phosphorylation and subsequent degradation of the inhibitor release the active Rel/NF-B complexes, resulting in the nuclear translocation of Rel/ NF-B. In addition, proteolytic cleavage and the presumably subsequent degradation of the COOH-terminal inhibitor region of the precursors also result in Rel/NF-B activation (5, 7) . Recent reports indicate that degradation of both I B ␣ and the COOH terminus of p105 is mediated by the ubiquitin-proteasome pathway, and that phosphorylation of I B ␣ also involves a ubiquitin-dependent protein kinase (20) (21) (22) .
The nfkb2 gene was initially isolated as a subunit of NF-B, a candidate protooncogene, and a mitogen-inducible gene (23) (24) (25) (26) . The function of NF-B2 may be similar to that of the better characterized NF-B1 molecule because of their structural similarity; however, the distinct expression pattern of the nfkb1 and nfkb2 transcripts in adult mice indicates different roles for these molecules (14) . Moreover, in contrast to p50, the ubiquitous component of NF-B, p52 barely contributes to the NF-B activity in cells, presumably due to its lower abundance or inefficient B-binding ability (27) .
Although genetic evidence suggests that abnormal NF-B2 can be involved in lymphomagenesis (23, 28, 29) , little is known about NF-B2 functions in vivo. To understand the physiological roles of NF-B2, particularly those of the p100 precursor, we generated, by gene targeting, mutant mice lacking the precursor but still containing the p52 product. Deletion of the COOH terminus of NF-B2 in mice resulted in marked gastric hyperplasia, causing early postnatal death. In addition, histopathological changes were observed in hematopoietic tissues, such as enlargement of lymph nodes and granulocytosis in bone marrow. T cells from p100-deficient mice displayed hyperproliferative responses to several stimuli and enhanced cytokine production in vitro. A significant increase in B-binding complexes containing p52 were found in both lymphoid and nonlymphoid tissues and in stimulated lymphocytes lacking p100. These findings demonstrate that the processing of the p100 precursor to generate the p52 molecule is an important regulatory step, and indicate that overexpression/deregulation of p52-containing Rel/NF-B complexes increases gastric and lymphoid cell proliferation.
Materials and Methods
Targeting Vector. A genomic library (cloned in DashII; Stratagene Inc., La Jolla, CA) prepared from D3 embryonic stem (ES) cell DNA was screened with the mouse nfkb2 cDNA probe corresponding to nucleotides 1280-2290 of the human sequence (25) . Two overlapping phages were isolated and the genomic nfkb2 DNA fragments were subcloned into pBluescript KS ϩ (Stratagene Inc.). A 5.6-kb HindIII-XbaI (XbaI is present in exon 14 of murine nfkb2 gene) genomic DNA fragment was isolated and subcloned in pGEM-9Zf( Ϫ ) (Promega Corp., Madison, WI). A termination codon and KpnI and SalI sites were introduced by PCR mutagenesis at a position corresponding to amino acid 451 using the murine nfkb2 genomic DNA as a template. Codon 451 is between the glycine-rich region and the first ankyrin motif. A XbaI-SalI (present in exon 14 and created by mutagenesis, respectively) genomic DNA fragment containing parts of exons 14 and 15, a 79-bp-long intronic fragment, a termination signal, and a KpnI site was subcloned into pBluescript KS ϩ . The KpnI-SalI fragment of the 852-bp-long SV40 polyadenylation recognition sequence [p(A)] was amplified by PCR using the pMSG vector (Pharmacia Biotech, Piscataway, NJ) as a template and inserted downstream of the termination codon. Subsequently, an XbaI-SalI fragment containing the nfkb2 genomic DNA and SV40 p(A), was ligated into the XbaI (exon 14 of nfkb2 ) and SalI sites of the pGEM-9Zf( Ϫ ) containing the 5.7-kb-long upstream nfkb2 genomic DNA fragment, generating the 5 Ј arm of the targeting vector. The 6.8-kb NotI-SalI DNA fragment spanning exon 1 and part of exon 15, the termination codon, and the SV40 p(A) was inserted at the 5 Ј end of the phosphoglycerate kinase (PGK) promoter driving the neo gene (PGKneo cassette; reference 30) into the NotI and XhoI sites of the pPNT vector (31) . A 7.3-kb SpeI-KpnI DNA fragment containing exons 20-24 (the last exon of nfkb2 ) was inserted between the PGK-neo cassette and the PGK promoter, driving the herpes simplex virus thymidine kinase gene (PGK-tk cassette) into the XbaI and KpnI sites of pPNT containing the 5 Ј arm, creating the targeting vector pPNT/I B ␦ . This resulted in the deletion of a 1.3-kb genomic DNA fragment that contains part of exons 15-19, encoding the six repeats of ankyrin-like motif of NF-B2.
Generation of Mutant Mice. CJ7 ES cells were electroporated with 25 g of the NotI-linealized pPNT/I B ␦ /10 7 cells using a gene pulser (Bio-Rad Labs., Hercules, CA) and grown under double selection using G418 and fialuridine, and double-resistant clones were selected. Homologous recombination (3 out of 65 neo -containing clones) was screened by Southern blot analysis using a 5 Ј external probe and additional random integrations were excluded with a 5Ј internal probe (see Fig. 1 A) . Targeted ES clones were identified by the appearance of a 7.2-kb recombinant band in addition to the 8.5-kb wild-type band in KpnI-and SpeI-digested DNA. These clones were injected into C57BL/6 blastocysts, which were subsequently implanted into foster mothers. Resulting male chimeras were backcrossed to C57BL/6 females and heterozygous offspring were then interbred to generate homozygous mutant animals.
Histology, In Situ Hybridization, and Flow Cytometry. Mouse tissues were immersion fixed in 10% buffered formalin and embedded in paraffin blocks. Sections were stained with hematoxylin and eosin. In situ hybridization of a wild-type newborn mouse using nfkb2 cDNA (25) as a probe was performed as previously described (12) . Flow cytometry analysis with single cell suspension from 7-10-d-old mice were performed as previously described (19) .
Immunoprecipitation Assay, Electrophoretic Mobility Shift Assay (EMSA), and Western Blot Analysis. Thymocytes from 10-d-old animals isolated as previously described (32) were labeled with 800 Ci/ml of [ 35 S]methionine (Amersham Corp., Arlington Heights, IL) in the presence or absence of 20 ng/ml of PMA (Sigma Chemical Co., St. Louis, MO) and 1 g/ml of PHA (Sigma Chemical Co.) for 6 or 8 h. Nuclear and cytoplasmic extracts from single cell suspensions with or without stimulation isolated from several tissues of 10-d-old mice were prepared as previously described (33) . Cell were lysed directly in RIPA
Results

Generation of Mice Lacking the COOH Terminus of NF-B2.
A targeted disruption of the COOH terminus of NF-B2 was generated by introducing a termination signal at codon 451 of nfkb2 and replacing 4.5 exons encoding residues 451 to 690 with the SV40 p(A) and the PGK-neo cassette (Fig. 1 A) . This would produce a p52 molecule of 450 amino acids, but not the full length p100 precursor. As the correct length of the p52 molecule is unknown, we decided that the 450-amino acid protein was the most convenient as several of the previous studies characterizing the activity of p52 were performed with a molecule of a very similar size. These studies demonstrated that the p52 protein was a very weak transactivator but one that could interact with other NF-B proteins and Bcl-3 (23-26, 37, 38) .
CJ7 ES cells were electroporated with the targeting vector pPNT/IB␦ and resistant clones were screened by Southern blot analysis. Homologous recombination was demonstrated by the detection of a new 7.2-kb DNA fragment (8.5-kb wild-type) in KpnI-and SpeI-digested DNA from targeted ES cells using a 5Ј external probe ( Fig. 1 A and data not shown). Injection of targeted ES cells into C57BL/6 blastocysts and subsequent implantation into pseudopregnant foster mothers generated chimeric mice that transmitted the mutated nfkb2 allele to their offspring. Homozygous mutant (p100 Ϫ/Ϫ ) mice were generated by intercrossing between heterozygous (p100 ϩ/Ϫ ) animals. Genotyping analysis demonstrated that although homozy- gous mutants were born at the expected Mendelian ratios (25%), at postnatal days (P) 5-7 they were already underrepresented (19.5%, n ϭ 788), indicating that some p100 Ϫ/Ϫ pups died neonatally. The results obtained from Southern blot analysis using tail DNA of animals representing the three different genotypes are presented in Fig. 1 
B.
Since expression of the nfkb2 gene has been shown to be very low in lymphocytes but rapidly induced by mitogens (25) , thymocytes stimulated with PMA and PHA were used for immunoprecipitation analysis to verify the absence of the p100 protein. Protein extracts prepared from ϩ/ϩ and Ϫ/Ϫ thymocytes labeled for 8 h with [ 35 S]methionine in the presence of PMA and PHA were immunoprecipitated with a p52 antiserum. The immunocomplexes were then denatured, renatured by fourfold dilution, and precipitated again with p52 antiserum (Fig. 1 C) . The results revealed the presence of both the precursor (p100) and the processed p52 protein in control thymocytes ( Fig. 1 C, lane  1) . In contrast, p100 Ϫ/Ϫ thymocytes lack the precursor but express the processed and truncated p52 product ( Fig. 1 C,  lane 2) . The truncated NF-B2 of 450 amino acids in p100 Ϫ/Ϫ mice showed a higher molecular weight than the processed p52 in p100 ϩ/ϩ mice. However, previous in vitro analyses have demonstrated that it lacked transcriptional activity but could interact with other NF-B proteins and with Bcl-3 (23-26, 37, 38) . It is important to note that only a small fraction of the p100 precursor was processed during the 8 h period to generate p52.
Gastric Phenotype of Mutant Mice. Newborn p100 Ϫ/Ϫ mice were grossly indistinguishable from their littermates, but by P10-14 they could be recognized by their smaller size. After P10-14, p100 Ϫ/Ϫ mice started losing body weight, and presented a disheveled appearance and hunched posture. Their body weights were reduced 25-33% compared to control littermates and by 4 wk of age 90% of p100 Ϫ/Ϫ mice had died (Fig. 2, A and B) . None of the p100 Ϫ/Ϫ animals survived beyond 10 wk of age (Fig. 2 B) .
The most striking histopathological alterations of p100 Ϫ/Ϫ mice were detected in the stomach. By 2 wk of age the stomachs of p100 Ϫ/Ϫ mice appeared smaller than those of the control littermates, and contained little food or milk (data not shown). The stomach showed a marked hyperplasia of the epithelial cell layer in the antrum with lymphocytic infiltration in the lamina propria and hyperkeratosis in the cardiac portion. In 3-wk-old p100 Ϫ/Ϫ mice, the gastric abnormalities had increased in severity until the gastric lumen was mostly occluded, which most likely led to premature death of p100 Ϫ/Ϫ mice ( Fig. 3 A, compare a and c with b and d, respectively). The strong expression of the nfkb2 transcript found in the epithelial cell layer of the wild-type mouse stomach by in situ hybridization (Fig. 3 B, a and c) supports a physiological role for NF-B2 in this area. Although young heterozygous mutant mice exhibited unremarkable histopathology, mild gastric hyperplasia was also observed in 10-mo-old p100 ϩ/Ϫ mice (data not shown).
Hematopoietic Phenotype in p100 Ϫ/Ϫ Mice. Histopathological alterations in hematopoietic tissues were also observed in p100 Ϫ/Ϫ mice. Spleen weight of p100 Ϫ/Ϫ mice started to decrease at P10-14, and both spleen and thymus became very atrophic by 3 wk of age. Spleen of 3-wk-old p100 Ϫ/Ϫ mice showed reduced cellularity and poorly demarcated white and red pulp areas (Fig. 4 A, compare a and b). Thymus also presented structural alterations with poorly demarcated cortico-medullary junctions (Fig. 4 A, compare c and d). Remarkably, in contrast to other hematopoietic organs, lymph nodes of p100 Ϫ/Ϫ mice older than 2 wk were clearly enlarged with increased paracortical areas but had reduced number and cell density of lymphatic follicles (Fig.  4 A, compare e and f). Bone marrow of 3-wk-old p100 Ϫ/Ϫ mice had an increased number of granulocytes but a reduced number of other hematopoietic cell populations (Fig. 4 A, compare g and h), and granulocytosis was also observed in peripheral blood of p100 Ϫ/Ϫ mice (data not shown). In addition, liver and spleen of some p100 Ϫ/Ϫ pups were anemic at 3 wk (data not shown). Analysis of other organs showed no evident histopathological alterations.
The hematopoietic populations were analyzed by flow cytometry (Fig. 4 B) . In contrast to wild-type mice, in 10-d-old p100-deficient mice CD4 ϩ CD8 ϩ double positive thymic cells were nearly absent and single positive CD4 ϩ or CD8 ϩ were the dominant cell populations (Fig. 4 B, compare a and b). Despite the dramatic histopathological alteration of the spleen, both B and T cell populations (B220 ϩ or Thy-1.2 ϩ cells) were not severely altered in p100 Ϫ/Ϫ mice (Fig. 4 B, compare c and d). The low percentage of T cells observed in spleen at this age is explained by the fact that during the first 4 wk of age, peripheral T cell accumulation is predominantly due to emigration from thymus, whereas in adult mice peripheral expansion becomes the main mechanism maintaining a constant number of T cells (39) . Analysis of bone marrow cell populations from 3-wk-old p100 Ϫ/Ϫ mice revealed increased number of granulocytes defined by the Gr-1 surface marker (Fig. 4 B, compare e and f), while B cells defined by B220 were dramatically reduced (Fig. 4 B, compare g and h) . Despite the slight decrease in the T to B cell ratio in p100 Ϫ/Ϫ lymph nodes (data not shown), IL-2R ␣ chain-expressing T cells (CD25 ϩ cells) were increased (Fig. 4 B, compare i and j). These data suggest that lymphocyte development is not impaired by the absence of the p100 precursor, al- though hematopoietic abnormalities increased in severity in 3-wk-old p100 Ϫ/Ϫ mice (see Discussion).
Increased B-Binding Activity in p100-deficient Mice. The p100 precursor, like p105 (NF-B1), has been shown to function as an IB molecule since it retains Rel/NF-B subunits in the cytoplasm (40) (41) (42) (43) . To assess the consequence of p100 precursor elimination on NF-B activity, we examined the B-binding activity in nuclear protein extracts from wild-type and p100 Ϫ/Ϫ mice by EMSAs using a palindromic B site (Fig. 5 A) . To avoid alteration of endogenous NF-B activity in the different tissues from mutant mice because of lymphocyte or granulocyte cell infiltration, nuclear protein extracts were prepared from 10-d-old mice. Nuclear extracts from all tissues examined revealed a dramatic increase in B-binding activity in p100 Ϫ/Ϫ mice when compared with wild type animals. Comparable levels of protein-nucleotide complexes in wildtype and p100 Ϫ/Ϫ nuclear extracts were detected when an octamer-specific probe was used in this assay (data not shown), indicating similar amounts of nuclear extracts loaded. Longer exposure of the film revealed the presence of B-binding activity in control thymus and stomach (data not shown). These results indicate that the elimination of the ankyrin domain of the p100 precursor dramatically increases the constitutive B-binding activity in lymphoid and nonlymphoid tissues.
Since different tissues presented B-binding complexes with distinct mobilities that may reflect the presence of different Rel/NF-B dimers, we further investigated the contribution of p52 to the B-binding activity in nuclear extracts from p100 Ϫ/Ϫ thymus and spleen by using specific antibodies. Two major complexes with distinct mobilities were present in both tissues (Fig. 5 B) . Addition of p50 antiserum completely eliminated the faster migrating complex and to a different degree the slower migrating complex in thymus and spleen, while addition of a p52 antiserum removed slower migrating complex in the thymus and both the faster and slower migrating complexes in the spleen. These results indicated that the faster migrating complex consisted of the p50 homodimers in the thymus, and of the p50-p52 dimers in spleen, and that in both tissues the slower migrating complex consisted mainly of the p52-containing heterodimers.
Since the increased B-binding detected in p100 Ϫ/Ϫ tissues was mainly due to p52-containing heterodimeric complexes, we further examined if the p100 precursor is complexed with different Rel/NF-B proteins in control tissues. To address this, whole cell lysates of thymocytes from 10-d-old wild-type mice labeled for 8 h with [ 35 S]methionine in the presence of PMA and PHA were first immunoprecipitated under nondenaturing conditions with an antiserum raised against the COOH terminus of p100 (p100-C, Fig. 5 C) . The resulting immunocomplexes were denatured and sequentially reimmunoprecipitated with p50, p52, RelA, RelB, or c-Rel antisera. RelA, RelB, and p50, as well as the p105 precursor, were associated with p100 in wild-type thymocytes (Fig. 5 C, lanes 1, be associated with any of the Rel/NF-B subunits, and the limited processing of the p100 precursor prevents the release of active p52-containing complexes.
Rel/NF-B Activation after Stimulation of Thymocytes. The processing of p100 is believed to be controlled by external signals. Although the precise mechanisms have not been elucidated, they have been assumed to resemble the processing of p105 which might involve phosphorylation, ubiquitination, and subsequent proteasome-mediated degradation (20, (44) (45) (46) . EMSA was used to determine the effect of the deletion of the p100 inhibitor region on the kinetics and composition of Rel/NF-B activation after stimulation of thymocytes with PMA and PHA (Fig. 6 A) . In wild-type thymocytes, a slower migrating complex that consisted of p50-RelA dimers was strongly induced during the first 30 min of stimulation (Fig. 6 A, lane 2) and then rapidly repressed (Fig. 6 A, lanes 3 and 4) , while a faster migrating complex composed of p50 dimers accumulated after 4 and 8 h of stimulation (Fig. 6 A, lanes 5 and 6) . In p100 Ϫ/Ϫ thymocytes, although similar kinetics of NF-B induction were observed, the level of B-binding activities are stronger than those of control thymocytes (Fig. 6 A,  lanes 7-10) . The p50-RelA dimers were also induced after 30 min of stimulation in p100 Ϫ/Ϫ thymocytes (Fig. 6 A,  lane 8) . However, in contrast to control thymocytes, the strong B-binding activities induced after 4 and 8 h of stimulation in p100-deficient cells (Fig. 6 A, lanes 11 and  12) consisted of p50-p52 and p50-p50 dimers (faster migrating bands) and mainly of the p52-RelB dimers (slower migrating band). The identity of the complexes was determined by gel supershift using specific antibodies.
Rel/NF-B activities are tightly regulated by the IB inhibitor proteins. The effect of PMA and PHA stimulation of thymocytes on IB protein levels was examined by Western blot or immunoprecipitation analysis (Fig. 6, B  and C) . IB␣ levels decreased after 30 min of stimulation (Fig. 6 B, lane 2) and rapidly recovered (Fig. 6 B, lanes 3-6) , whereas IB␤ started to be degraded after 1 h of stimulation (Fig. 6 B, lane 3 ) and recovered at 8 h (Fig. 6 B, lane 6) in both wild-type and p100 Ϫ/Ϫ thymocytes (Fig. 6 B and data not shown). These results suggest that IB␤-degradation is negligible compared to IB␣ for the rapid activation of NF-B in primary thymocytes stimulated with PMA and PHA and that degradation of neither IB␣ nor IB␤ seems to contribute to the delayed activation of the p50 dimers. Interestingly, both IB␣ and IB␤ were expressed at high levels for 8 h at a time when there was a dramatic increase in B-binding activity in p100-deficient cells, indicating that neither of the two is able to efficiently retain p50 dimers and p52-or RelB-containing heterodimers in the cytoplasm. As shown in Fig. 6 C, immunoprecipitation of wild-type thymocytes labeled with [ 35 S]methionine in the presence or absence of PMA and PHA for 6 h also showed that the generation of both precursors was responsive to PMA and PHA stimulation (Fig. 6 C, compare lanes  1 and 3 with 2 and 4, respectively) . In addition, these results demonstrated that significant amounts of p105 had been processed, as indicated by the significant amount of p50 accumulated during this period (Fig. 6 C, lane 4) . In contrast, only small amounts of p52 were detected after 6 h of stimulation in wild-type thymocytes (Fig. 6 C, lane 2) , and the processed p52 molecule was stable for at least 5 h under continuous stimulation with PMA (40) , indicating that under these conditions the processing of the p100 precursor is significantly slower than that of p105. Similar results were obtained when wild-type splenocytes were treated with LPS (data not shown). These findings indicate that in addition to the degradation of IB␣ responsible for the rapid activation of the p50-RelA complex, the processing of the p105 precursor is responsible for the delayed activation of the p50 dimers, because IB␤ does not interact with the p50 homodimer (47) . It is also important to note that extremely limited availability of p52 in control lymphocytes is due to the inefficient processing of the p100 precursor.
Increased Expression of Rel/NF-B-regulated Genes in p100-deficient Mice.
The consequences of the increased B-binding activity in p100 Ϫ/Ϫ tissues on the expression of genes regulated by Rel/NF-B were investigated by RT-PCR analysis of total RNA isolated from spleen ( Fig. 7) and thymus (not shown) of 10-d-old wild-type, heterozygous, and homozygous mutant animals. Semiquantitative RT-PCR analysis showed that mRNA levels of class I MHC, TNF-␣, endothelial leukocyte adhesion molecule 1, intercellular adhesion molecule 1, and VCAM-1 were elevated in both tissues from p100 Ϫ/Ϫ mice ( Fig. 7 and data  not shown) . G-CSF expression was upregulated in thymus from p100 Ϫ/Ϫ mice (data not shown). The expression of the nfkb2 gene was also augmented by the absence of p100 in both spleen and thymus (data not shown). This indicates that the p52-containing heterodimers enhance the nfkb2 gene expression in an autoregulatory manner, agreeing with the result obtained from in vitro experiments (48) . In contrast, expression of most cytokine genes, such as IFN-␤, 1 and 3) or presence (lanes 2 and 4) of PMA and PHA were incubated with a p52 antiserum (lanes 1 and 2) and the resulting supernatants were immunoprecipitated with a p50 antiserum (lanes 3 and 4) . The exposure time of the autoradiogram of the immunoprecipitation with p52 is 2.5 times longer than that of p50, so as to verify the p100 and p52 proteins. Specific signals for the p100, p52, p105, and p50 proteins are indicated by arrows. The numbers of methionine residues contained in human p100, p52, murine p105, and p50 are 16, 10, 20, and 9, respectively (25, 66).
IL-2, M-CSF and TNF-␤ were not altered in the thymus and spleen of p100 Ϫ/Ϫ mice (data not shown). These results suggest that the increase in p52-containing Rel/NF-B complexes are sufficient for regulating expression of some target genes, while others are either not regulated by Rel/ NF-B or are regulated by other complexes, such as p50-RelA dimers. Although the consequences of increased expression of B responsive genes in p100 Ϫ/Ϫ mice have not been examined, the elevated G-CSF might contribute to the increased granulopoiesis observed in p100 Ϫ/Ϫ mice.
Enhanced In Vitro Proliferation and Cytokine Production in p100
ϪրϪ T cells. The enlarged lymph nodes in p100 ϪրϪ mice aged 2-wk or older suggest that the increase in Bbinding activity promotes lymphocyte proliferation in vivo. Therefore, we analyzed the proliferative responses of purified T cells from 10-d-old wild type and homozygous mutant mouse spleen stimulated with several mitogens by [ 3 H]thymidine incorporation. Anti-CD3, anti-CD3 plus anti-CD28, or PMA plus PHA promoted proliferation of p100 ϪրϪ T cells two-to sixfold more efficiently than control T cells (Fig. 8 A) . LPS treatment also increased proliferation of p100 ϪրϪ B cells fivefold more efficiently than control B cells (data not shown). These data indicate that proliferative responses of p100 ϪրϪ lymphocytes are also enhanced in vitro.
To further investigate the alteration of lymphocyte function in p100 Ϫ/Ϫ mice, we analyzed cytokine production in T cells isolated from 10-d-old mouse spleen. The levels of cytokine released from T cells stimulated with anti-CD3 and anti-CD28 antibodies were detected by ELISA. The levels of IL-2, IL-4, IL-10, GM-CSF, and TNF-␣ in the culture supernatant from p100 Ϫ/Ϫ T cells were increased 5-35-fold compared to control T cells isolated from wildtype littermates (Fig. 8 B) . Enhanced IL-2 expression might contribute to the vigorous proliferative responses of p100 Ϫ/Ϫ T cells. Recent reports characterizing p50-and c-Rel-deficient mice show that p50 or c-Rel are required for proliferative responses of lymphocytes (17, 18) . Mice deficient in c-Rel also demonstrate that c-Rel is essential for expression of some cytokines in activated T cells (17, 49) . Thus, the increased B-binding activity in stimulated p100 Ϫ/Ϫ lymphocytes might result in hyperproliferation of lymphocytes and overproduction of cytokines in activated T cells, further supporting the notion that Rel/NF-B is important for the regulation of those activities in lymphocytes.
Discussion
Mice homozygous for the deletion of the COOH terminus of NF-B2 displayed extensive gastric hyperplasia and enlarged lymph nodes at 2 wk of age. Granulocytosis in bone marrow, atrophic spleen, and thymus appeared at 3 wk of age. The proliferative in vitro responses of lymphocytes and cytokine production in activated T cells were also increased. This mutation introduced in the nfkb2 gene resulted in a constitutive Rel/NF-B activity containing the p52 subunit in all tissues analyzed, and also dramatically increased the p52-containing Rel/NF-B complexes in stimulated thymocytes. Thus, elimination of the ankyrin region of the p100 precursor ubiquitously affects the Rel/ NF-B activity, and the activated Rel/NF-B complexes containing p52 promote proliferation of gastric mucosal cells and peripheral lymphocytes. It is also important to note that neither IB␣ nor IB␤ can compensate for the lack of the p100 precursor in mice.
A significant fraction of the p52-containing heterodimers probably results from the processing of the p100 precursorcontaining heterodimers. The COOH-terminal ankyrin domain of the precursor masks its NLS as well as the NLS of the dimeric partner, resulting in cytoplasmic retention of the precursor-containing dimers (1, 5, 7) . The deletion of the COOH-terminal half of NF-B2 has a dual effect as it eliminates the p100 inhibitor and increases the mature p52 subunit. Abolition of the processing of the precursor, the limiting step in generating p52, results in accumulation of active p52 molecule. Therefore, both increased p52 protein and absence of the p100 inhibitor may contribute to activation of the p52-containing Rel/NF-B complexes. Heterozygous animals have the increased p52 protein but still retain half of the p100 precursor compared to wild-type animals (see Fig. 1 C) , whereas they behave similarly to wild-type mice. According to the p100 ϩ/Ϫ phenotype, loss of the p100 inhibitor may contribute to the abnormalities in homozygous mutant mice more than accumulation of the p52 product. As heterozygous mice develop gastric hyperplasia at a much older age, the dominant effect of the increased p52 protein under the presence of p100 may also be considered.
Hematopoietic Abnormalities in p100 Ϫ/Ϫ Mice. Hematopoietic organs of p100 Ϫ/Ϫ mice are almost normal by 2 wk of age. However, they all are severely affected by 3 wk of age. Both spleen and thymus of p100 Ϫ/Ϫ mice are very atrophic with altered architecture. Granulocytosis is found in bone marrow and peripheral blood of p100 Ϫ/Ϫ mice without evidence of infection. In contrast to other atrophic hematopoietic organs, lymph nodes are clearly enlarged and contain an increased number of T cells expressing IL-2R ␣ chain in p100 Ϫ/Ϫ mice aged 2 wk or older. As 50% of p100 Ϫ/Ϫ pups die by 3 wk of age, the possibility that abnormal physiological conditions of 3-wk-old p100 Ϫ/Ϫ mice influence the viability of most hematopoietic cells can not be excluded. Indeed, the serum glucocorticoid levels of 3-wk-old p100 Ϫ/Ϫ mice were always elevated (1.4-to 10.2-fold, average 2-fold) relative to their control littermates (data not shown). Nevertheless, granulocytosis in bone marrow, enlargement of lymph nodes, and lymphocyte infiltration in stomach of p100 Ϫ/Ϫ mice are evident, implying that the constitutive activation of Rel/NF-B affects the hematopoietic cell functions in vivo.
The human NFB2 gene is located in chromosome 10q24, which is recurrently associated with lymphoid malignancies (23) . Several cases of NFB2 gene rearrangement, including a small deletion and chromosomal translocation, are found in primary human lymphomas and cell lines (23, 28, 29, 50, 51) . The rearranged NFB2 genes encode either the truncated NF-B2 or fusion products to heterologous molecules that commonly lack some or all ankyrin repeats at the COOH terminus but retain an intact Rel homology domain. The abnormal NF-B2 proteins lack the inhibitory function and are directly converted into the active subunit of the Rel/NF-B transcription factors (52) . Thus, genetic evidence in humans also suggests that the intact p100 precursor is important for lymphocytes.
The increased proliferation and cytokine secretion in activated p100 Ϫ/Ϫ T cells indicate that these cells are hyperresponsive to external stimuli. Interestingly, stimulation of wild-type T cells clearly induces expression of the p100 precursor but not the generation of p52 (see Fig. 6 C) , supporting a physiological role of the intact p100 precursor in activated T cells. Although p100 Ϫ/Ϫ splenocytes and thymocytes have constitutive B-binding activities (see Fig. 5 A), T cells isolated from p100 Ϫ/Ϫ spleen neither proliferate nor produce cytokines without stimulation (see Fig. 8, A  and B) . This suggests that although Rel/NF-B is necessary to lymphocyte proliferation (17, 18) and cytokine production in T cells (17, 48) , it is not sufficient per se to trigger those activities in lymphocytes.
Gastric Abnormalities in p100 Ϫ/Ϫ Mice. A surprising outcome obtained from mice lacking the ankyrin motif of NF-B2 was the marked gastric hyperplasia, providing novel evidence that activated Rel/NF-B transcription factors are involved in gastric cell proliferation. Accumulation of surface epithelial cells with infiltration of lymphocytes in the lamina propria and hyperkeratosis in the cardiac portion of the stomach were constant observations in p100 Ϫ/Ϫ mice and, importantly, the nfkb2 gene is strongly expressed in the surface epithelial layer of mouse stomach. Pathological changes observed in the p100 Ϫ/Ϫ stomachs might cause alteration in homeostasis, advanced cachexia, and subsequent postnatal death.
Several regulated steps of cellular proliferation, migration, differentiation, and senescence are required for gastric epithelial renewal, and disturbance of any processes may cause development of gastric abnormalities. In humans, there are hyperplastic and hypertrophic gastropathies, such as Menetrier's disease, which is characterized by extensive hyperplasia of the surface epithelium and associated with gastric carcinoma (53) . The gastric pathology in p100 Ϫ/Ϫ mice may resemble that seen in human Menetrier's disease, although p100 Ϫ/Ϫ mice exhibit a much more severe phenotype. In contrast, heterozygous animals whose stomach is histologically normal while young also develop gastric hyperplasia by 10 mo of age. This hyperplasia is pathologically mild and seems to be more like human Menetrier's disease (data not shown). Although genetic change(s) in Menetrier's disease has not been yet established, if a somatic mutation of gene(s) causes this disease, it may occur in a single allele. Therefore, it may be possible to propose that p100 ϩ/Ϫ animals are useful for understanding the molecular basis of human Menetrier's disease.
It has been reported that TGF-␣ is a potent mitogen of gastric mucosal cells. Indeed, transgenic mice overexpressing TGF-␣ present gastric abnormalities reminiscent of Menetrier's disease (54, 55) . TGF-␣ and epidermal growth factor (EGF) receptor but not EGF have been demonstrated to be expressed in gastric mucosal cells (56) . Upon ligand binding, phosphorylation of several proteins including autophosphorylation of EGFR initiates a number of intracellular responses, such as transient expression of the nuclear oncogene products c-myc and c-fos. However, no elevation of TGF-␣, EGFR, c-myc, or c-fos mRNAs was detected in the stomach of 10-d-old p100 Ϫ/Ϫ mice compared with those of their control littermates by RT-PCR analysis (data not shown). It is likely that the activation of Rel/NF-B is downstream of the EGFR signaling pathway, since the Ras-Raf pathway is proposed to participate in the activation of NF-B (57). Alternatively, there may be a distinct pathway promoting gastric mucosal cell growth through the Rel/NF-B activation. Another possibility is that the infiltrating lymphocytes in the epithelial layer and lamina propria of mutant mouse stomach may produce a different cytokine such as heparine-binding EGF (58) , and in that case gastric hyperplasia of mutant mice is related to the activated lymphocyte functions.
The Role of the p100 Precursor. Despite the increase in understanding the mechanism of the Rel/NF-B activation through modification of IB inhibitors, the specificity and physiological relevance of the different Rel/NF-B and IB proteins remain to be understood. It was initially proposed that the rapid but transient activation of NF-B is mediated through IB␣, while the persistent activation of NF-B by some inducers, such as LPS or IL-1, is mediated through IB␤, and that IkB␣ and IkB␤ exhibit a similar preference among the Rel/NF-B subunits (47) . A more recent report characterizing IB␣-deficient (IB␣ Ϫ/Ϫ ) mice (59) demonstrates that IB␤ is also involved in the rapid activation of NF-B in fibroblasts, whereas IB␣ plays an important role in hematopoietic tissues. It also demonstrated that IB␣ is required for the repression of the NF-B activity after stimulation of fibroblasts. According to these observations, the different properties of these inhibitors are due to their different degradation and expression kinetics in the cell and their different expression patterns in mouse tissues. IB␤ has been shown to be quite stable in pre-B cells treated with PMA (47) . However, our results indicate that although PMA and PHA stimulation of thymocytes leads to degradation of IB␤, it is unlikely to be important for rapid activation of NF-B in these cells. As we have shown here, the expression and processing of the p105 precursor is enhanced by extracellular stimuli in primary murine lymphocytes, inducing the delayed activation of the p50 homodimers. In contrast, p100 expression is increased but processing to p52 is not, showing that the processing of the p105 and p100 precursors is differentially regulated.
The expression of the nfkb1 and nfkb2 genes is induced by some extracellular stimuli, and may be regulated by the Rel/NF-B transcription factors (25, 43, 60) . Indeed, the expression of the nfkb2 gene is increased in p100 Ϫ/Ϫ mice presumably due to the enhanced Rel/NF-B activity. Complexes containing p52 accumulate after 4-to 8-h stimulation of p100 Ϫ/Ϫ thymocytes (see Fig. 6 A) because of induced de novo protein synthesis of p52. Therefore, the initial synthesis of the precursor form may have the advantage to act as reservoirs for the Rel/NF-B activity, avoiding the rapid accumulation of the mature p50 or p52 molecules. RelB and c-Rel, unlike RelA, are also inducible gene products (61) (62) (63) , and the newly synthesized RelB and c-Rel may be sequestered immediately by p100 and p105 to prevent the activation of the RelB-or c-Rel-containing complexes. As RelB is unable to dimerize with itself, RelA, or c-Rel, the precursors may be the important inhibitors for RelB. Indeed, although the p100 precursor efficiently interacts with all members of the Rel/NF-B family (see Fig. 5 C) , the p52-RelB dimer appears dominant in the B-binding activity in the absence of the p100 precursor after thymocyte stimulation (see Fig. 6 A and data not shown). This result agrees with the inefficient regulation of the p52-RelB complex by IB␣ compared to other heterodimers (35, 64) . Taken together, we propose that the COOH-terminal inhibitor of NF-B2 controls the activity of the p52-containing complexes, particularly the p52-RelB and p52-p50 dimers.
The p105 inhibitor in ES cells is preferentially associated with p50 (34) . Although p105 can interact with RelA or c-Rel, the significant levels of the p50-RelA or p50-c-Rel dimers derived from the processing of the p105 precursor fail to be induced after stimulation of thymocytes (see Fig.  6 A, lanes 5 and 6), implying that these may be inactivated by IB␣ or IB␤. Since the protein levels of p100 were much lower than those of IB␣, IB␤, p105, and RelA in lymphoid cells (Fig. 6 C and data not shown), IB␣ and IB␤ would be the most important inhibitory molecules regulating the ubiquitous components, RelA and c-Rel, of the Rel/NF-B complexes. After cell stimulation, the RelA-or c-Rel-containing complexes are activated immediately, whereas the production of the p50 homodimers derived from the processing of p105 is delayed (see Fig. 6  A) . Because of the absence of a potent transcriptional activation domain in p50 (65) , the p50 homodimers may work as transcriptional repressors of the Rel/NF-B activity.
Since p52-containing heterodimers dramatically accumulate in the absence of the p100 precursor, the processing of the precursor as a regulatory mechanism for controlling Rel/NF-B activity is more important than we expected. The differences observed in the processing efficiency, preference for dimeric partners, and tissue expression of p100 and p105 precursors suggest that these molecules have a different biological role.
Distinct Biological Activities of Different Rel/NF-B Complexes. Mutant mice lacking different members of the Rel/NF-B family present different phenotypes, suggesting distinct roles for the individual subunits (15) (16) (17) (18) (19) .
Mice lacking IB␣ exhibit skin defects, granulocytosis, and activation of NF-B activity composed of p50-RelA dimers, resulting in neonatal mortality (59, 66) . This suggests that IB␣ is mainly involved in the regulation of the p50-RelA dimer activity, and that the constitutively acti-vated p50-RelA complex found in IB␣ Ϫ/Ϫ mice presumably causes abnormalities (59) . Different Rel/NF-B complexes are activated in IB␣ Ϫ/Ϫ and p100 Ϫ/Ϫ mice and therefore we found it of interest to compare the phenotype of these mutant animals ( Table 1) . Skin is severely affected in IB␣ Ϫ/Ϫ mice, whereas it seems to remain intact in p100 Ϫ/Ϫ mice. Increased granulopoiesis is found earlier in IB␣ Ϫ/Ϫ mice than in p100 Ϫ/Ϫ mice, which have no granulocytosis by 2 wk of age. Both gastric hyperplasia and enlargement of lymph nodes which are developed in p100 Ϫ/Ϫ mice by 2 wk of age, are not noted in IB␣ Ϫ/Ϫ mice because of either lack of the abnormalities or death earlier than 2 wk of age. Although abnormalities in hematopoietic organs of IB␣ Ϫ/Ϫ mice are hard to determine due to neonatal mortality, both spleen and thymus are atrophied. It is interesting that hyperplasia of different cell types (epidermal cells in skin of IB␣ Ϫ/Ϫ mice and epithelial cells in stomach and peripheral lymphocytes of p100 Ϫ/Ϫ mice) and hyperkeratosis of different regions (skin in IB␣ Ϫ/Ϫ mice and cardiac portion of stomach in p100 Ϫ/Ϫ mice) are developed in both mutant mice (reference 66 and Fig. 3 A) , suggesting that the activation of different Rel/NF-B complexes promotes cell proliferation although in vivo targets for the p50-RelA and p52-containing heterodimers appear to be different. In addition, expression of several genes, such as G-CSF, TNF-␣, and VCAM-1, assumed to be regulated by Rel/NF-B, is elevated without cell stimulation in both mutant mice, implying that constitutive activation of different Rel/NF-B complexes can activate in common some, but not all, of the target genes. Hyperkeratosis in the tail and delayed onset of granulocytosis and mortality that resembles the p100 Ϫ/Ϫ phenotype are observed in mice lacking both p50 and IB␣ (p50 Ϫ/Ϫ IB␣ Ϫ/Ϫ ). This is intriguing considering that the major B-binding complex in the tissues of these mutant mice, as in p100-deficient animals, is the p52-RelB dimer instead of the p50-RelA complex (59) .
Thus, these findings suggest that different dimeric complexes of Rel/NF-B transcription factors play a distinct role in vivo. Studies of IB␤, p105, and Bcl-3-deficient mice will be helpful to clarify the specificity and physiological relevance of individual members of the IB family and of the different Rel/NF-B complexes. 
